Development of new and effective drug molecules for the treatment of ever increasing ailments of mankind has been the goal of pharmaceutical research. Solubility and permeability of an active ingredient are the two most important parameters determining its absorption and bioavailability. It is estimated that around 40% of the currently available drug molecules in the market are poorly soluble in the aqueous media. Interestingly, most new drug molecules that are being developed due to the advances in *in vitro* screening methods and the combinatorial chemistry are poorly soluble or insoluble in aqueous media\[[@ref1][@ref2]\]. According to the biopharmaceutics classification system (BCS), drug substances are classified into four classes based on their aqueous solubility and permeability ([fig. 1](#F1){ref-type="fig"}). A drug substance is considered highly soluble when the maximum daily dose is soluble in 250 ml of aqueous media over the pH range of 1-7.5. Whereas, a drug substance is considered highly permeable when \>85% of the administered dose is absorbed\[[@ref3]\]. According to Lipinski\'s rule of five, a drug molecule with more than 5 H-bond donors, more than 10 H-bond acceptors, molecular weight \>500 and logP \>5 is considered poorly permeable\[[@ref4]\]. Bioavailability of an active ingredient mainly depends upon its solubility in gastrointestinal tract fluids. Dissolution is the rate limiting step in absorption of poorly water soluble drugs. It is for this reason, the dose of poorly aqueous soluble drugs is increased to attain effective therapeutic drug concentration in the blood\[[@ref5]\]. As the hydrophobic nature is inherent for a molecule which can not be altered, various approaches have been made to overcome this drawback. These include particle size reduction, formation of salts, co-crystals, amorphous formulations, pH modification, lipid based formulation and prodrug approach\[[@ref6]\]. Each of these methods has some advantages as well as limitations and hence the selection of a particular approach is an important step in increasing their bioavailability. For example, salt formation of a poorly soluble drug which is either neutral, weak acid or weak base may not always be possible. Similarly, reduction of particle size of a drug makes it difficult for handling due to the development of static charges\[[@ref7]\]. Further, stress of a mechanical size reduction process may cause deterioration of crystal structure and/or partial or complete amorphisation of the drug with a resultant decrease in the stability as observed with candesartan cilexetil\[[@ref8]\]. On the contrary, micronization technique has been successfully used to produce smaller fenofibrate particles (Tricor^®^) which are dispersed in hydrophilic polyvinylpyrrolidone to reduce its dose\[[@ref9]\]. Recently, increased attention is being directed towards the development of lipid based formulations for the delivery of poorly water soluble drugs with an aim to increase their dissolution and bioavailability. The rationale for this is an observable increase in the bioavailability of hydrophobic drugs when administered along with food, especially fatty meal. This is attributed to the fact that fat rich food may lead to one or more of the following such as it stimulates bile flow and pancreatic secretions, delays gastric emptying, change in gastrointestinal pH, enhances lymphatic transport, enhances mesenteric and liver blood flow, increases intestinal wall permeability, and reduces efflux activity. Such an observation led to the development of new guidelines established by the United States Food and Drug Administration (US FDA) entitled "food-effect bioavailability and fed bioequivalence studies" with recommendations for the determination of impact of food in the enhancement of bioavailability (IND) and fed bioequivalence (ANDA) studies\[[@ref10]\].

![Biopharmaceutics classification system.](IJPhS-77-249-g001){#F1}

Lipid-based dosage forms such as solid lipid nanoparticles (SLN), solid dispersions, self-microemulsifying drug delivery systems (SMEDDS), liposomes and super saturable self-emulsifying systems can be formulated by different formulation techniques. Both lipids (in the form of solid or liquid) and excipients (surfactants, co-surfactants, co-solvents) used in the formulation not only improve the bioavailability of the drug substance but also help in avoiding the erratic absorption. Such an ability of lipids and excipients is attributed to mechanisms such as maintaining the drug in the solubilized form, promoting lymphatic transport, altering the permeability of epithelia, altering enterocyte based drug transport and inhibiting the p-gp (permeability glycoprotein) efflux\[[@ref11]\]. Among the lipid based formulations, there has been a growing interest in developing self-emulsifying systems as they are efficient in hydrophobic drug delivery. Self-emulsifying systems produce either emulsions or microemulsions upon dilution with water depending upon the nature of the oil, surfactant concentration and oil/surfactant ratio\[[@ref12]\]. These systems can be in the form of self-emulsifying drug delivery systems (SEDDS), SMEDDS or self-nanoemulsifying drug delivery systems (SNEDDS). Smaller size of the droplets in both SMEDDS and SNEDDS compared to SEDDS offers several advantages such as improved bioavailability and minimized variable bioavailability. SMEDDS, in particular, produces microemulsions with droplet size in the nano range upon dilution. Microemulsions (ME) are solution-like systems with an inner structure of nano droplets stabilized by a set of surfactants and co-surfactants\[[@ref13]\]. Often ME system is described as "swollen micelle" as these systems differ with micelles only in the size (micelles are thermodynamically stable consisting of spherical droplets having a radius of less than 20 nm). The basic concept in designing SMEDDS is to present a hydrophobic drug in a solubilized form *in vivo* that would otherwise exhibit dissolution rate-limited absorption\[[@ref14]\]. This review is an overview of various components used in the formulation of SMEDDS and their role in formation of stable microemulsion.

 {#sec1-1}

Components: {#sec2-1}
-----------

In order to formulate a successful SMEDDS for maximum therapeutic effect, due consideration must be given to various factors such as physicochemical properties of the active moiety as well as excipients, potential for drug excipient interaction (*in vitro* and *in vivo*) and physiological factors that promote or inhibit the bioavailability. Further, other important factors such as regulatory status, solubilization capacity, miscibility, physical state of the excipients at room temperature, digestibility and compatibility with capsule shell, chemical stability and cost of the materials should also be considered during the formulation\[[@ref15]\]. Such a rationale approach not only helps in reducing the time involved in the formulation development but also reduces the cost of its development\[[@ref11]\].

Oil/lipid phase: {#sec2-2}
----------------

The function of oil phase in self-microemulsifying system is to solubilize the hydrophobic/lipophilic active moiety in order to improve both drug loading and bioavailability of the hydrophobic active moiety. Selection of oil plays a vital role in the formulation as it determines the amount of drug that can be solubilized in the system\[[@ref16]\]. A lipid molecule with a large hydrophobic portion compared to hydrophilic portion is desirable as it maximizes the amount of drug that can be solubilized. [Table 1](#T1){ref-type="table"} represents the most commonly used oils in the formulation of SMEDDS.

###### 

LIST OF OILS USED IN FORMULATION OF SMEDDS
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Long chain triglycerides: {#sec2-3}
-------------------------

Lipids that have fatty acid chains of 14-20 carbons are categorized as LCTs\[[@ref17]\]. Fixed oils i.e., vegetable oils contain a mixture of glyceride esters of unsaturated long chain fatty acids. These are considered safe as they are commonly present in daily food and are easily digestible\[[@ref15]\]. Large hydrophobic portion of triglycerides is responsible for their high solvent capacity for lipophilic moieties. Though it is difficult to microemulsify, some marketed formulations such as Neoral^®^ (composed of olive oil which, has shown superior oral bioavailability) and Topicaine^®^ gel (composed of Jojoba oil for transdermal application) have been successfully practicing the microemulsification of LCTs\[[@ref18]\].

Medium chain triglycerides and related esters: {#sec2-4}
----------------------------------------------

Lipids that have fatty acid chains of 6-12 carbons are categorized as MCTs\[[@ref17]\]. MCTs are the most common choice of oil for SMEDDS as they are resistant to oxidation and possess high solvent capacity compared to LCT because of their high effective concentration of ester group. MCTs produced from the distillation of coconut oil are known as glyceryl tricaprylate and comprises of saturated C8 and C10 fatty acids in the liquid state\[[@ref15]\]. Labrafac CM 10, a MCT, has shown superior solubility for fenofibrate and produced wider microemulsion region at all surfactant/co-surfactant combinations than Maisine 35, which, is a LCT\[[@ref19]\]. Drug substance should possess minimum solubility of 50 mg/ml in LCTs for lymphatic absorption\[[@ref20]\]. Upon digestion, products of short and medium chain triglycerides are directed towards portal vein whereas chylomicrons formed from LCTs triggers the lymphatic transport. Further, highly hydrophobic drug substances are easily soluble in vegetable oils and can easily be formulated as simple oil solutions which are readily emulsified in the gut. However, most conventional hydrophobic drug substances do not exhibit superior solubility in LCT such as vegetable oil\[[@ref21][@ref22]\].

Moderately hydrophobic drug substances, on the other hand, cannot be formulated into simple oil solutions as their solubility is limited. In such cases, SMEDDS are promising alternative where the drug solubility in the oil will be enhanced due to microemulsification of oil by surfactants. It is well accepted that oils with long hydrocarbon chains (high molecular volume) such as soybean oil, castor oil are difficult to microemulsify compared to MCT (low molecular volume) such as capmul MCM and Miglyol. However, solubilizing capacity of oil for lipophilic moiety increases with chain length (hydrophobic portion) of the oil. Hence the selection of oil is a compromise between the solubilizing potential and ability to facilitate the formation of microemulsion\[[@ref23]\]. Malcolmson *et al*. studied the solubility of testosterone propionate in various oils for the formulation of O/W microemulsion and concluded that oils with larger molecular volume such as triglycerides show superior solubility than the corresponding micellar solution containing only surfactants without oil\[[@ref24][@ref25]\]. Enhancement of drug solubility in SMEDDS not only relies on the solubility of the drug in the oil but also on the surfactant(s). For instance, ethyl butyrate, small molecular volume oil, has shown higher solubility for testosterone propionate but its ME formulation has only improved the solubility slightly than the corresponding micellar solution. On the contrary, Miglyol 812 which is a larger molecular volume oil has shown improved solubilization in the ME formulation though the solubility of testosterone propionate is less in the individual components compared to ethyl butyrate\[[@ref24]\].

Drug solubility in lipid: {#sec2-5}
-------------------------

Oil component alters the solubility of the drug in SMEDDS by penetrating into the hydrophobic portion of the surfactant monolayer. Extent of oil penetration varies and depends on the molecular volume, polarity, size and shape of the oil molecule. Overall drug solubility in SMEDDS is always higher than the solubility of drug in individual excipients that combine to form SMEDDS. However, such higher solubility considerably depends on the solubility of drug in oil phase, interfacial locus of the drug and drug-surfactant interactions at the interface\[[@ref26]\]. In light scattering experiments, it was observed that oils with small molecular volume act like co-surfactants and penetrate into the surfactant monolayer. This forms thinner polyoxyethylene chains near the hydrophobic core of the micelle disrupting the main locus of the drug solubilization due to which, a higher solubility of drug is not observed. Large molecular volume oils, however, forms a distinct core and do not penetrate effectively into the surfactant monolayer. The locus of drug solubilization was found to be effected by the microstructure and solubility of the drug in the excipients. The locus of drug solubilization was found to be at the interface of micelle for phytosterols whereas the same for cholesterol was found to be between the hydrophobic head groups of surfactant molecules. This is attributed to altered side chain flexibility of phytosterol due to the additional substitution of alkyl side chain compared to cholesterol\[[@ref27]\].

In addition to molecular volume and polarity of the oil, drug solubility in oil is affected by physicochemical properties of drug molecule itself. Consideration of BCS classification and Lipinski\'s rule of 5 for the selection of drug is only useful during initial screening stages. As per BCS classification, some of the acidic drugs are listed in Class II despite having good absorption and disposition as they do not satisfy the requirement of higher solubility at low pH values. Lipinski\'s rule of 5, on the other hand, holds good only when the drug is not a substrate for the active transporter\[[@ref4]\]. This suggests that aqueous solubility and log P alone are not sufficient to predict the solubility of drug in the oil. This further indicates that the solubility of any two drugs with similar log P would not be the same due to their different physicochemical properties.

To demonstrate this, a study was conducted in our laboratory with two antihypertensive drugs having close partition coefficient (log P) values, different aqueous solubility and varying physicochemical properties. Candesartan cilexetil is hydrophobic and has log P value of 7.3, molecular weight 610.66 g/mol with a polar surface area 135.77 whereas, valsartan is slightly soluble in aqueous phase with log P value of 5.3, molecular weight 434.53 g/mol with a polar surface area 103.48 (clogP and polar surface area were calculated using chembiodraw ultra 11.0). Unlike candesartan cilexetil, valsartan exhibits pH dependent solubility\[[@ref28]\].

If only log P and aqueous solubility of these two drugs are considered, it is only natural to assume that candesartan cilexetil would be highly soluble in lipid phase whereas valsartan would be less soluble. A specific and sensitive HPLC-UV method was developed and validated to measure the super saturation solubility of these two drugs in various oils and the results showed a completely different solubility profiles. Solubility profile of these two drugs in different oil phase is given in [fig. 2](#F2){ref-type="fig"}.
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Although log P and polar surface area of valsartan and candesartan cilexetil are closer, their solubility with triacetin, castor oil and capmul MCM C8 differs significantly. This may be attributed to the hydrogen bonding capacity and electrostatic interaction of both the scaffold with the oils. Nevertheless, valsartan is having aliphatic carboxylic group which is expected to be involved in hydrogen bond interaction with the hydrogen acceptor functionality of the triacetin as well as castor oil. We assume that the branched chain aliphatic ester moiety of triacetin, capmul MCM C8 and castor oil gets involved in the electrostatic repulsion with cilexetil part of candesartan. In case of valsartan, such electrostatic interactions are not possible. Furthermore, aliphatic ester chain of triacetin and castor oil may solvate the lipophilic chain of valsartan more favorably than candesartan in the absence of any electrostatic repulsion (proposed interaction is shown in [fig. 3](#F3){ref-type="fig"}). However, significant difference was not observed with other oils such as olive oil, peanut oil, corn oil, miglyol 810, sunflower oil and soybean oil (data not shown).

![Proposed interactions of valsartan and candesartan cilexetil with triacetin.](IJPhS-77-249-g006){#F3}

SURFACTANTS {#sec1-2}
===========

An amphiphilic molecule (surfactant), as the name indicates, is composed of polar group (hydrophilic) and nonpolar (lipophilic) group. The prime requirement in achieving ultra low interfacial tension at the oil water interface can be attained by selecting suitable amphiphile. Selection of surfactant primarily depends on the factors such as the efficiency and rapidity to microemulsify the selected oil, solubilizing capacity for the drug, safety (depending on the route of administration), type of emulsion to be formulated, cloud point of surfactant and ability to inhibit p-gp (if the active ingredient is the p-gp substrate)\[[@ref29]\].

In SMEDDS, oil phase containing the drug is emulsified into nano sized droplets. As the size of oil phase containing drug decreases to nano size, the effective surface volume increases by several folds and therefore, it requires large concentration of surfactant for its stabilization\[[@ref30]\]. However, too large a concentration of surfactant was found to increase the droplet size of the emulsion as it enhances the penetration of water into oil droplet with interfacial film getting disrupted leading to expulsion/bulging of the film into the aqueous phase\[[@ref16]\]. Further, the concentration of surfactant also depends on molecular volume of the oil. In general, large molecular volume oils such as LCTs require higher surfactant than short chain mono/diglycerides.

Based on the hydrophilic--lipophilic balance (HLB) value of the surfactant, it may form O/W (water is the continuous phase), W/O (oil is the continuous phase) or bicontinuous (comprises equal amount water and oil) microemulsion. Upon dispersion of surfactant in water or oil and water mixture, depending on intermolecular forces, it self-associates, into a variety of equilibrium phases in the form of spherical, hexagonal, rod shaped, lamellar phase micelles whereas reverse micelles may form in apolar liquids such as alkanes. However, they will form interface when dispersed in the mixture of oil and water to make the system thermodynamically stable\[[@ref31]\].

During the formulation of SMEDDS, nonionic surfactants are preferred over ionic surfactants as they are less toxic. Further, it was observed that for the same alkyl chain length of ionic and nonionic surfactants, critical micelle concentration \[CMC\] value (mol/l) is less for nonionic surfactants. Hence, they are only required in less concentration for effective reduction in interfacial tension. Polyoxyethylene surfactants, nonionic, are widely used in most formulations today\[[@ref32]\]. Some of the commonly used polyoxyethylene surfactants with HLB values are represented in [Table 2](#T2){ref-type="table"}.

###### 

COMMONLY USED POLYOXYETHYLENE SURFACTANTS
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Co-surfactants/co-solvents: {#sec2-6}
---------------------------

ME formation from SMEDDS is dynamic and its equilibrium is maintained by dynamic exchange of substances/molecules between dispersed phases that occur continuously. Dynamic process involves the exchange of water between bound and free states, exchange of co-surfactant from the interfacial film to continuous phase and dispersed phase and exchange of surfactant between the interfacial film and water\[[@ref30]\]. This dynamic behavior of ME is due to the flexibility of the interfacial film which is imparted mainly by the presence of co-surfactant.

Both type and concentration of co-surfactant play a role in the formulation of SMEDDS. For example, SMEDDS with low molecular weight co-surfactants are not advisable to fill into gelatin capsules since they may get absorbed into capsule shells which may lead to drug precipitation\[[@ref15]\]. Similarly, higher co-surfactant concentration also results in precipitation of drug upon dilution of SMEDDS due to partitioning of co-surfactant into aqueous phase\[[@ref31]\]. Ethanol, propylene glycol, PEG and Transcutol P are some of the widely used co-surfactants.

Formulation of SMEDDS: {#sec2-7}
----------------------

Solubility studies of the active ingredient in the components of SMEDDS are the primary preformulation tests which help in the selection of suitable excipients for the initial formulation optimization. Excipients i.e., oil, surfactant and co surfactant in which drug show superior solubility are selected to achieve optimum drug loading and to minimize the final volume\[[@ref33][@ref34]\].

Pseudoternary phase diagrams are constructed with the selected excipients by titration method and by keeping the ratio of any two of the four components as constant (usually surfactant and co surfactant). This is mixed with required volume of the third phase (usually oil) in different ratios. Each of individual mixture is titrated with fourth component usually water in incremental amounts and tested for the clarity, flowability, time for self emulsification and dispersibility\[[@ref35][@ref36]\]. Compositions, which form clear solutions, are denoted by suitable symbols in ternary diagram, joined and the area indicate the microemulsion existing area. Wider area indicate the good self-emulsification capacity\[[@ref37]\].

From pseudoternary phase diagram, formulation is optimized mainly based on globule size, self-emulsification time. SMEDDS can be easily prepared in single step by dissolving the drug in the selected composition of excipients by simple mixing with no critical steps.

Microemulsion formation: {#sec2-8}
------------------------

Prior knowledge of interfacial tension between the oil and water, changes in surface area upon emulsification of the oil and entropy changes in the system helps in understanding the theory involved in the microemulsion formation.\[[@ref31][@ref38]\]

Though, the interfacial tension γ between the oil and water remains constant, the area of the bulk oil (A1) droplets will be enormously enhanced upon emulsification due to reduced size (A2) therefore surface free energy (ΔA γ) and entropy of the system will be increased. The formation of microemulsion from SMEDDS according to the second law of thermodynamics can be expressed as, ΔG=γ ΔA--T ΔS, where, ΔG is the free energy of formation, ΔS is the change in the entropy of the system, γ is the interfacial tension and T is the temperature of the system.

A positive ΔG value is considered to be unstable and the system formation is non-spontaneous. In the above mathematical expression, change in surface area (ΔA) and entropy (TΔS) are constant for a particular combination of system. Hence, reducing the interfacial tension (γ) to zero results in negative free energy that makes the system thermodynamically stable and favors the spontaneous emulsification. The formulation of SMEDDS should aim to reduce the interfacial tension to minimum possible. The ultralow interfacial tension can be achieved by adding a third component in the form of co-surfactant which will aid the surfactant activity in reducing the interfacial tension. If surfactant concentration alone is increased to reduce the interfacial tension, CMC reaches before the γ is reduced to zero.

Biopharmaceutical aspects: {#sec2-9}
--------------------------

SMEDDS produces O/W microemulsion upon contact with GI fluids with the aid of gastrointestinal motility. Drug release from the microemulsion takes place by partition from droplet to into intestinal fluids\[[@ref16]\]. Easy partitioning of drug from the droplets is made possible due to the formation of small droplets with enormous interfacial area\[[@ref39]\].

As the dissolution is rate-limiting step for the absorption of poor soluble drugs, SMEDDS can bypass dissolution which in turn enhances bioavailability\[[@ref26]\]. Components of SMEDDS contribute in the improvement of bioavailability of drug. Lipid/oil alter the *in vivo* fate of drug/dosage form by increasing the solubility in turn dissolution rate and by promoting lymphatic transport. Drug can be protected by chemical and enzymatic means as it is presented in the form of oil droplets\[[@ref16][@ref40]\]. Surfactants increase the permeability of drug by disturbing the structural organization of membrane components thus facilitating passive diffusion\[[@ref16]\]. Surfactants of high HLB like Tween 80 are reported to increase the permeability of the drug by their loosening effect on tight junctions\[[@ref41]\]. Many surfactants like Tween 80, Spans, Cremophors (EL and RH40), Pluronics are reported to have inhibitory action on efflux transporters which helps in improving the bioavailability of the drugs (substrates to the efflux pumps)\[[@ref42]\]. The same was proved incase of paclitaxel, with the formulation comprising polysorbate 80 due to its inhibitory effect on to p-glycoprotein transporter\[[@ref43]\].

Recent study proved that bioavailability enhancement of fenofibare, a BSC class II drug was significantly higher using SMEDDS compared to solid dispersion pellets\[[@ref44]\]. Another study conducted using cyclosporine, a BCS class IV drug, concluded significant bioavailability enhancement by SMEDDS compared to polymeric nanoparticles, which is due to multiple absorption mechanisms, like enhanced dissolution rate and improved permeability\[[@ref45]\].

CONCLUSIONS {#sec1-3}
===========

SMEDDS, one of the lipid based dosage forms, are easy to manufacture and have the advantage of improving the solubility of hydrophobic drug with the aid of surfactant and co-surfactant which inturn improves the bioavailability thereby reduces the dosage requirement and avoids erratic absorption profiles (food effect). However, careful selection of oil, surfactant and co-surfactant plays an important role in the successful formulation of SMEDDS such as higher drug loading with suitable oil in required/minimum amounts. During the selection of each of these ingredients, physicochemical properties of the active ingredient must also be given due consideration as it greatly affects solubilization capacity of the system. With better understanding of the relationship between the log P value, aqueous solubility and physicochemical properties of the active ingredients and their effect on solubility would help in formulating more hydrophobic drugs in the form of SMEDDS.
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